Amplification and sequencing of mitochondrial DNA regions corresponding to three major clusters of transfer RNA genes from a variety of species representing major groups of birds and reptiles revealed some new variations in tRNA gene organization. First, a gene rearrangement from tRNAHi" -tRNASe'(AGY)-tRNAL""(CUN) to tRNA*'(AGY)-tRNAHis-tRNAL""(CUN) occurs in all three crocodilians examined (alligator, caiman, and crocodile). In addition an exceptionally long spacer region between the genes for NADH dehydrogenase subunit 4 and tRNASer(AGY) is found in caiman. Second, in congruence with a recent finding by Seutin et al., a characteristic stem-and-loop structure for the putative light-strand replication origin located between tRNAA"" and tRNACYS genes is absent for all the birds and crocodilians. This stem-and-loop structure is absent in an additional species, the Texas blind snake, whereas the stem-and-loop structure is present in other snakes, lizards, turtles, mammals, and a frog. The disappearance of the stem-and-loop structure in the blind snake most likely occurred independently of that on the lineage leading to birds and crocodilians. Finally, the blind snake has a novel type of tRNA gene arrangement in which the tRNAG'" gene moved from one tRNA cluster to another. Sequence substitution rates for the tRNA genes appeared to be somewhat higher in crocodilians than in birds and mammals. As regards the controversial phylogenetic relationship among the Aves, Crocodilia, and Mammalia, a sister group relationship of birds and crocodilians relative to mammals, as suggested from the common loss of the stem-and-loop structure, was supported with statistical significance by molecular phylogenetic analyses using the tRNA gene sequence data.
Introduction
The complete mitochondrial DNA (mtDNA) genome has been sequenced for more than 10 vertebrates, many of which are mammals. Vertebrate mtDNAs sequenced so far encode 13 protein genes, 2 rRNA genes, and 22 tRNA genes arranged in a fairly conservative order (Anderson et al. 198 1; Wolstenholme 1992) . Only a limited number of gene rearrangements have been reported for vertebrates-for birds (Desjardins and Morais 1990; Quinn and Wilson 1993; Ramirez et al. 1993) , marsupials (Paabo et al. 199 1; Janke et al. 1994) , and an amphibian (Rana catesbeiana; Yoneyama 1987) . These cases commonly involve tRNA gene rearrangements. Lizard mtDNAs are known for frequent polymorphic length mutations in and around the control region (Moritz and Brown 1986; Zevering et al. 199 1) .
(WANCY; tRNA genes are abbreviated by single letters representing the amino acids to be decoded, and the sense strand of the underlined tRNA genes is the heavy strand). They found that a putative light-strand replication origin in the WANCY cluster was absent in crocodilians and the tuatara as well as in chicken (Desjardins and Morais 1990) , Japanese quail (Desjardins and Morais 199 l) , and Peking duck (Ramirez et al. 1993) , implying that the apparent loss of the origin inside the WANCY cluster may be a new synapomorphy defining the Crocodilia-Aves lineages.
We have independently sequenced three major mitochondrial tRNA gene clusters (i.e., IQM, WANCY, and HSL) from three birds, three crocodilians, and three lizards. We also sequenced the WANCY and/or IQM clusters from two snakes and two turtles (see table 1 ). The sequence data revealed new features in tRNA gene organizations of reptiles, which may be useful phylogenetic markers at the ordinal, familial, or generic levels. We discuss mechanisms of the tRNA gene rearrangements. Finally, we evaluate the effectiveness of the mitochondrial tRNA gene sequences in deep-branch animal phylogenetics, particularly by addressing the question of the sister group of birds.
Material and Methods

Samples, Amplification, Cloning, and Sequencing
The avian species studied are ostrich (Struthio camelus), Muscovy duck (Cairina moschata), and turkey vulture (Cathartes aura). The reptilian species examined are the crocodilians American alligator (Alligator mississippiensis), common caiman (Caiman crocodilus), and Nile crocodile (Crocodylus niloticus); the squamates western fence lizard (Sceloporus occidentalis), western banded gecko (Coleonyx variegatus), blue-tailed mole skink (Eumeces egregius Zividus), Texas blind snake (Leptotyphlops d&is), and boa constrictor (Boa constrictor); and the testudines green turtle (Chelonia mydas) and western pond turtle (Clemmys marmorata).
In light of available mtDNA sequences from several mammals, chicken, and frog, we designed some primers based on conservative regions in each of the protein genes that surround the three tRNA gene clusters (IQM, WANCY, and HSL) so as to be able to amplify the corresponding regions for a wide range of tetrapods. In addition to the previously described PCR primers L4 160m, L5347m, H5937m, L11778m, and H12625m (Kumazawa and Nishida 1993) , those listed in table 2 were used for the present study. Polymerase chain reaction (PCR)-aided direct sequencing was carried out with total genomic DNA prepared from frozen tissues or blood specimens according to Kocher et al. (1989) . Briefly, double-stranded PCR products were amplified from the total DNA with pairs of primers described in table 1 and subjected to the asymmetric PCR. PCR reactions consisted of 30 cycles of denaturation at 92°C for 40 s, annealing at 45 "-55 "C for 1 min, and extension at 72°C for 1-1.5 min. The single-stranded PCR products were directly sequenced with the amplification primers and appropriate internal primers (table 2) by the dideoxy chain termination method. Occasionally, the initial double-stranded PCR products were cloned into an Escherichia coli pUC 18 vector, and multiple independent clones were sequenced in order to discount mutations arising during the PCR. By these procedures, the amplified regions were sequenced for both strands unambiguously.
Data Analysis
Transfer RNA genes were identified by their standard secondary structure models as described previously (Kumazawa and Nishida 1993) . Mitochondrial tRNA gene sequences from other species were taken from the EMBL database. Alignment of the tRNA gene sequences was done by eye on the basis of the secondary structure models (Kumazawa and Nishida 1993) . Loop regions with length mutations were extensively deleted, leaving 18 gap-containing sites among 686 alignable sites from the 11 tRNA genes. Parsimony analyses were done with PAUP version 3.0s (Swofford 199 I) , and confidence values were assessed with the bootstrap option of this program. Distance trees were constructed by the neighbor-joining method (Saitou and Nei 1987) with NJBOOT2, version 1.06 (Tamura 1992 ) using Kimura' s two-parameter option. Maximum-likelihood analyses were done with DNAML in PHYLIP version 3.5 (Felsenstein 1993) . Likelihood ratio tests were done with the user tree option of DNAML.
The nucleotide sequences determined will appear in the GSDB, DDBJ, EMBL, and NCBI nucleotide sequence databases with accession numbers D38 182-D38213. The aligned version of the tRNA gene sequences from 16 animals used here for phylogenetic analyses is deposited in the EMBL database with accession number DS 193 14 and can also be obtained directly from Y. Kumazawa.
Results
Transfer RNA Gene Organizations General Features
We completely sequenced 11 tRNA genes distributed in three major clusters (approximately 800 bp) from three birds, three crocodilians, and three lizards ( fig. 1 TAATACACCTACTATGAAAAAAYTT  AGGCTTCAATGGCTCGTGGGTG  CCTTGCAGTACTTCTGGTAATCAGAAGTGRAA  TGTAGAACCTCTGGTAATCAGAAGTG  GCCTTCTCATCAATCGCCCATATAGGATGAAT  CCCCTATCAGGCTTTATGCCAAAATG  GGTTTGTTGAGAATARTCA  AGCTCTATCTGCTTACGTCAAACAG  TCCCACACACGAGAACACCT  GATATGATTCCTACGCCTTCTCA   AAAGGATCACTTTGATAGAGTGAA  AACCAACATTTTCGGGGTAT  TCTAGACCAAGGGCCTTCAAAG  CATCTATTGAATGCAAATCA  CCACACAATTTTAGTTAACAGCTA  AGGGTGTTTAGCTGTTAACTA  CAAAACATTAGATTGTGATTCT  CTTTTACTTGGAGTTGCACC NOTE.-L and H, corresponding to the light and heavy strands, stand for the direction of the primers, and the accompanying number refers to the 3'end position according to human mtDNA (Anderson et al. 198 1) . m indicates that a mixture of two nucleotides is present at one position in each primer. Refer to Kumazawa and Nishida (1993) C..A...G.C...............C.A.....AC.......A.....A..A.....T.....CG.....C.. Nucleotide sequence! for the other species are shown using dots where corresponding nucleotides are identical. Loop regions of tRNA genes with length mutation! are not aligned. Anticodons are underlined, as are nucleotides that can form a stable stem-and-loop structure between tRNAAS" and tRNACy genes. The 3' end region of ND2 genes is not aligned due to poor sequence similarity. species except Texas blind snake had an identical organization of tRNA genes ( fig. lc) . However, there was a difference in the region between the tRNA*"" and tRNACy" genes. In mammals, a characteristic stemand-loop structure in this spacing region was demonstrated by in vitro reconstitution experiments to be an origin for replicating the light-strand of mtDNA (Wong and Clayton 1985) . This stem-and-loop structure is apparently lost in the corresponding region of chicken and Japanese quail (Desjardins and Morais 1990, 199 l) , Peking duck (Ramirez et al. 1993) , an alligator, a other species of crocodile). In addition, this study re-A black square depicts the putative light-strand replication origin.
vealed that the stem-and-loop structure is absent also in the Texas blind snake. Genes for tRNAASn and tRNACYS of these animals were directly connected with spacers of lizards sequenced in this study ( fig. IA) , genes for tRNAHiS, tRNASer(AGY), and tRNALeU(CUN) were tightly connected in this order without any spacing nucleotide, as was the case with previously sequenced mammals and frog. Moreover, the discriminator base (a base that is next to the CCA end when expressed tRNA molecules are processed) of the tRNASer(AGY) gene of the birds and lizards seemed to be shared by the first nucleotide of the next tRNALeU(CUN) gene. In contrast, crocodilians had the order SHL instead of HSL, and the three tRNA genes were separated by spacers of l-29 nucleotides ( fig. 1 B) .
The PCR product for caiman amplified with primers L11778m and H12625m had a somewhat larger size than expected on a 1% agarose gel. This size anomaly turned out to be due to a long spacer region between the genes for NADH dehydrogenase subunit 4 (ND4) and tRNASe' (AGY) (fig. 1B ). This spacer (264 nucleotides) contained stop codons in all reading frames at intervals of not more than 123 nucleotides. Transfer RNA genes were not found. No appreciable sequence similarity was detected between the spacer sequence and its flanking protein and tRNA genes or between the spacer sequence and entire mtDNAs of chicken and cow. Thus, we tentatively think that the 264 nucleotides are not more than 10 nucleotides, whereas other reptilian species (three lizards, two turtles, and the boa constrictor) had a spacer with the discrete stem-and-loop structure like mammals, frog, and fishes ( fig. 1 C) .
The blind snake was also found to have a unique WQANCY tRNA gene organization (figs. 1 C, 2B). The inserted tRNAG' " gene was separated from the tRNATV and tRNAALa genes by five and four nucleotides, respectively. This tRNAG' " gene satisfied the structural criterion for animal mitochondrial tRNAs (Kumazawa and Nishida 1993) and was thus regarded as a functional tRNA gene. Parts of flanking protein genes, ND2 and cytochrome oxidase subunit I (CO I), of the blind snake had an appreciable level of amino acid sequence similarity with the corresponding regions of chicken or other species in figure 1 C.
IQM Cluster
Finding an apparently functional tRNAG' " gene in the WANCY cluster of the blind snake prompted us to sequence the IQM cluster region, where the tRNAG' " gene is encoded in all other vertebrate species sequenced to date. The PCR amplification by primers L4 160m and H4800m for the blind snake yielded a shorter product than expected. Sequencing of this product revealed that the tRNAG' " gene was actually deleted from the IQM cluster, giving rise to a shorter IM cluster ( figs. lD, 2B) . Genes for tRNA1le and tRNAMef were not separated by any spacing nucleotides. Parts of flanking protein genes, ND 1 and ND2, of the blind snake had a clear sequence similarity with the corresponding regions of other species in figure 1D . By contrast, the gene organization in the IQM region was unchanged for birds, crocodilians, and lizards and was like that in mammals, frog, and fishes ( fig. 1D ).
Sequence Substitution Rates of tRNA Genes rangement involving tRNAHi" and tRNA%' (AGY) genes (figs. I& 2A) modulated sequence substitution rates of these tRNA genes and thus led to the overall rate acceleration. However, analyses on eight tRNA genes from the IQM and WANCY clusters resulted in similar rate differences ( 1.8 and 1.5 times faster in crocodilians than in mammals for Ti and TV, respectively). Because the sequenced tRNA genes of individual species showed a similar base-compositional bias ( fig. 4 ) that was typical for vertebrate mtDNA (Asakawa et al. 199 l) , the rate difference could not be attributed to base frequency. Table 3 shows pairwise sequence differences of 686 alignable sites from the 11 tRNA genes. In order to compare sequence substitution rates among crocodilian, mammalian, and avian lineages, some of these values were plotted against estimated divergence times ( fig. 3 ). In congruence with our previous plots using sites from only stem regions of tRNA genes (Kumazawa and Nishida 1993) , a transition (Ti) plot among mammals departed from linearity within 100 Myr of divergence times and a transversion (TV) plot displayed linearity for over 100 Myr.
Divergence times for the three crocodilian species can be estimated reasonably well from the fossil record (see legend to fig. 3 ). Substitution rates on crocodilian lineages appeared to be somewhat higher than those on mammalian lineages ( fig. 3 ): relative initial velocities of crocodilian versus mammalian lineages were roughly estimated as 1.7 and 1.9 for transitions and transversions, respectively. It is possible that the crocodilian gene rearAlthough the fossil record for birds is relatively poor, ancestors of modern ducks and chickens appear in geological formations of the late Cretaceous to early Tertiary periods (Brodkorb 1964) . If 65 Myr is assumed for the divergence time of these avian lineages, pairwise difference data between chicken and Muscovy duck resulted in approximately 1.4-and 2.7-fold rate reductions in birds as compared with mammals for Ti and TV differences, respectively. Ramirez et al. ( 1993) used chicken and Peking duck mtDNA sequence data to suggest a slight rate reduction in birds as compared with mammals, by a factor of 1.4-1 S. Taken together, these results suggest that sequence substitution rates of mitochondrial tRNA genes vary to some extent among the major animal groups, the order being crocodilians > mammals > birds. NOTE.-Below and above the diagonal are pair-wise differences for transversions and transitions, respectively. The 686 sites from 11 tRNA genes were used. Gaps were treated as missing sites.
Kumazawa and Nishida
t transition
All trees in figures 5 and 6 showed monophyly of the crocodilian species and a closer relationship of alligator and caiman relative to crocodile with statistically significant bootstrap probabilities (>95%), a result that is consistent with previous molecular studies (see, e.g., Prager et al. 1974; Densmore and White 199 1; Hass et al. 1992) . The monophyly of the species examined among birds, lizards, and mammals was also supported with significant or nearly significant probabilities.
The branching pattern among these vertebrate groups was suggested to be (fishes(amphibians(mammals(lizards(croca relationship that is consistent with 0 Estimated drergence time$vlyr ago)
phylogeny (Benton [ 19901 and references therein) .
to each other than species used in this study (Y. Kumazawa, unpublished data). The only topological changes among the trees in genes among crocodilians and among mammals. The 686 sites from 11 tRNA genes were used (table 3) . Closed and open symbols show percentage differences among crocodilians and among mammals, respectively. For TV differences, straight lines through the origin were drawn according to Snedecor and Cochran ( 1980, pp. 172-174 figures 5 and 6 were found among birds and among lizards.
The avian relationship of (turkey vulture(ostrich(chicken,Muscovy duck))) in figure 5B is consistent with that inferred from DNA-DNA hybridization studies (Sibley and Ahlquist 1990, pp. 838-841) . However, there is no statistical support for this relationship in figure 5B , and it seems that the tRNA gene sequence data collected in this study are not sufficient to resolve phylogenetic relationships among the Galliformes, Anseriformes, Struthioniformes, and Falconiformes, whose lineages may have diverged relatively rapidly (Sibley and Ahlquist 1990, pp. 838-84 1) . Moreover, other molecular work (see, e.g., Prager and Wilson 1980) , while supporting the grouping of galliforms and anseriforms, places ratites and tinamous as the sister group of all other birds. methods for 16 distantly related species using 686 sites from 11 tRNA genes, of which 448 sites were variable and 359 were informative.
The 359 Gaps were treated as missing sites. The most parsimonious tree is depicted; the number on each branch represents the length assigned with the ACCTRAN option of PAUP, and the number on each node represents the corresponding bootstrap probability from 200 replications. Total tree lengths are 1,196 for A and 4,000 for B. The trees are depicted assuming fishes as outgroups to tetrapods.
Morphological studies (see, e.g., Estes et al. 1988; Zug 1993, pp. 438-441) imply that the divergences among Iguanidae, Gekkonidae, and Scincidae were deep (possibly Jurassic) and rapid but that there are numerous synapomorphies to support the existence of two major clades: Iguania (Iguanidae, Chameleontidae, and Agamidae) and Scleroglossa (the rest of the families). However, the two phylogenetic arrangements inferred from figures 5 and 6, neither of which was statistically significant, were both different from that expected from the morphological traits: (Iguanidae (Gekkonidae, Scincidae)).
The Archosauria versus Haemothermia Clade
In table 4, the tRNA gene sequence data were used to examine the phylogenetic relationship among the Aves, Crocodilia, and Mammalia by the likelihood ratio test. The maximum-likelihood best-fit tree topology based on the 686 sites among 16 animals (tree not shown) was in agreement with figures 5A and 6, except for the intra-avian relationships.
When the three lizards were eliminated from the analysis for convenience, tree 1 of table 4 was the best-fit tree topology, and it corresponds to the Archosauria clade. Two opposing hypotheses were assumed, one of which (tree 2) corresponds to the Haemothermia clade (Cardiner 1982; Lovtrup 1985) . The likelihood ratio test statistically invalidates an opposing hypothesis when the logarithm of the likelihood value is more than 1.96 standard errors away from that for the best-fit tree . Tree 2 and tree 3 were both statistically rejected with this criterion irrespective of the assumed value for the Ti/Tv ratio (table 4) .
The sister-group relationship of birds and crocodilians relative to mammals was also supported with statistically significant bootstrap probabilities (96% both when TV substitutions were weighted 10 times as heavily as Ti substitutions and when only TV substitutions were used) by the maximum-parsimony analyses with 13 species (i.e., eliminating the lizards as in table 4; trees not shown). Neighbor-joining analysis using the 13 species also provided a high bootstrap probability (89%) for this relationship (tree not shown). The tRNA gene sequence data therefore strongly support the Archosauria clade formation. fig. 4 ; Hasegawa and Kishino 1989; Asakawa et al. 1991) , only light-strand sequences were used irrespective separated from one another by spacers of l-29 nucleotides, whereas there are no or only a few (see, e.g., Johansen et al. 1990 ) spacing nucleotides for noncrocodilian species. This observation is consistent with the possible rearrangement pathway of figure 8A , although the nucleotide sequences of the spacer region are too diverged to show similarity with flanking tRNA and protein genes.
It is not clear from the available data whether an exceptionally long noncoding region between the ND4 and tRNASer(AGY) genes of caiman ( fig. 1B) arose by a similar duplication and deletion mechanism after the radiation of the caiman lineage. Alternatively, this spacer ofthe coding strand for individual tRNA genes. Since Ti substitutions in mtDNA outnumber TV substitutions (see, e.g., Prager et al. 1993 HSL + SHL rearrangement, but it might not have been ' User-defined unrooted tree topologies were as follows: tree I: the best-fit shortened on the caiman lineage. Sequencing the cortree topology (Archosauria-sister group for birds and crocodilians)-(loach, carp (frog(((mouse, rat) cow), ((((duck, vulture) chicken) ostrich), ((alligator, caiman) responding region from multiple caiman species would crocodile))))); tree 2: a strong opposing hypothesis (Haemothermia-sister group provide clues to answer this question, as well as the opfor birds and mammals)- (loach, carp (frog (((alligator, caiman) crocodile), portunity to evaluate the possibility that the long spacer ((((duck, vulture) chicken) ostrich), ((mouse, rat) cow))))); tree 3: an alternative relationship (sister group for mammals and crocodilians)-(loach, carp (frog could be a molecular marker for caiman phylogeny.
((((duck, vulture) chicken) ostrich), (((mouse, rat) cow), ((alligator, caiman) crocodile))))).
b Natural logarithm of the likelihood value.
Transposition of the tRNAG"' Gene
' A standard error in InL. based on other mtDNAs of known sequence) from one tRNA gene cluster to another. However, the same kind of duplication and deletion mechanism can explain this transposition ( fig. 8B ), because polymorphic duplication of up to 5-kbp mtDNA fragments occurs in lizards (Stanton et al. 1994) . Stanton et al. (1994) also showed that duplication endpoints are closely associated with such stem-and-loop structures as those in tRNA genes. Genes for tRNA' le and tRNAA' " could be possible duplication endpoints in light of their findings ( fig. 8B ). However, transposition of the tRNAG' " gene by other mechanisms (see, e.g., Jacobs et al. 1989 ) remains possible.
The WANCY cluster region of snakes has been sequenced completely from the Texas blind snake and boa constrictor ( fig. 1 C) , and partially from West Indian boa (Seutin et al. 1994) and Asian pit viper (Y. Kumazawa, unpublished data). The insertion of the tRNAG' " gene between the tRNATV and tRNAA' " genes or the deletion of the putative light-strand replication origin were only found in the blind snake among these species. It therefore seems reasonable that the transposition of the tRNAG1" gene took place after the divergence of the blind snake lineage from the others ( fig. 7) . A currently available snake phylogeny based mostly on morphological characters (McDowell 1987; Zug 1993, pp. 443-467) assigns the blind snake to the earliest snake lineage (Scolecophidians) relative to other primitive and modern snakes. Sequencing the corresponding region from other scolecophidian species (i.e., members of the Leptotyphlopidae, Typhlopidae, and Anomalepididae) would narrow down the lineage on which the transposition happened and might provide a useful marker to resolve the unsettled phylogenetic relationships of Scolecophidians (McDowell 1987; Zug 1993, pp. 464-467) .
Multiple Deletion Events for the Replication Origin
The deletion of the stem-and-loop structure from the WANCY cluster occurs in birds, crocodilians, tuatara (the only extant member of Sphenodontida), and the Texas blind snake. Phylogenetic affiliation of Sphenodontida in the Lepidosauria clade together with the Squamata is supported by a number of morphological synapomorphies (Gardiner 1982; Benton 1990 ). Seutin et al. (1994) favorably considered but did not conclude independent deletion events on two lineages leading to Aves-Crocodilia and Sphenodontida, due to the ambiguity in the phylogenetic affiliation of the Lepidosauria and the possibility for the maintenance of a polymorphic state among mtDNA molecules for a relatively long time. In the case of the blind snake, however, snakes are obviously derived from a lineage of lizards (Benton 1990 ) that were shown not to have the deletion (fig. lc) . It is therefore evident that the deletion of the putative replication origin took place at least twice on independent lineages leading to Aves-Crocodilia and the blind snake ( fig. 7) . Moreover, this deletion in the blind snake could have occurred before or after (or even concomitantly with) transposition of the tRNAG' " gene ( fig. 8B ).
The Archosauria Clade
Birds have been traditionally classified as phylogenetically closer to crocodilians than they are to other reptiles and mammals, disrupting the monophyly of reptiles (see, e.g., Romer 1966, pp. 136-137, 164; Carroll 1988, pp. 338-342) . During the last decade, however, this relationship has been challenged, or at least obscured, by some cladistic analyses of morphological characters in extant species (Gardiner 1982; Lovtrup 1985) as well as some molecular phylogenetic analyses using nuclearly encoded gene or amino acid sequences (for details, see Goodman et al. 1987; Bishop and Friday 1988; Gauthier et al. 1988; Kemp 1988; Benton 1990; Hedges et al. 1990 ; Hedges and Maxson 199 1; references therein). To our knowledge, the work recently reported by Hedges (1994) is the first that provided a statistically significant result on this issue from a sufficient number of informative sites. Gathering a mtDNA sequence comprising the genes for the small and large rRNAs and tRNAVa' (-2,990 bp) and also 1186 bp of the nuclearly encoded a-enolase gene from related species, he was able to support the Archosauria clade formation with significant bootstrap probabilities.
The likelihood ratio test (table 4) and parsimony analyses favoring TV substitutions (see Results) of this 770 Kumazawa and Nishida study provided other statistical support for the sistergroup relationship of birds and crocodilians as opposed to such a relationship of birds and mammals. Taken together with the common loss in birds and crocodilians of the putative light-strand replication origin from the WANCY cluster (Seutin et al. 1994 ; figs. lC, 7) the traditional classification for the Archosauria clade is now very likely. Phylogenetic trees constructed from nuclear 18s rRNA assigned considerably longer branch lengths to avian and mammalian lineages than to reptilian, including crocodilian, lineages (Hedges et al. 1990 ). This tendency was not found for the mitochondrial tRNA genes, with consistent suggestions of somewhat higher sequence substitution rates on crocodilian than on mammalian and avian lineages (figs. 3, 5, 6) . Some reports have implied slower rates of mtDNA sequence evolution in cold-blooded animals than in warmblooded animals due to an increased mutation rate and/ or relaxation of selective constraints operating on mtDNA gene products in the latter (Thomas and Beckenbach 1989; Adachi et al. 1993 ). This idea has been consistent with the apparently reduced sequence substitution rates of mtDNAs in turtles, amphibians, and fishes (Martin et al. 1992; Adachi et al. 1993; Bowen et al. 1993 ; references therein). However, mitochondrial tRNA genes of crocodilians and lizards appear not to conform to this hypothesis (figs. 3, 5, 6) . Whether the nondecelerated sequence substitution rates on crocodilian lineages are specific to mitochondrial genes or only to mitochondrial tRNA genes awaits more comprehensive studies.
Deep-Branch Phylogenetics
Mitochondrial DNA sequences are often used to infer phylogenetic relationships among closely related animals. However, they are much less frequently employed for animals whose divergence times greatly exceed 100 Myr (see Kumazawa and Nishida [ 19931 for reasons and discussion). There have been diverse kinds of approaches in using mtDNA for deep-branch animal phylogenetics with divergences that occurred 100-600 Myr ago. First, rearrangements in mtDNA gene organization occasionally provide phylogenetically useful information. This approach has been considered to be effective especially for invertebrates, whose mtDNA organizations vary considerably among phyla (Sankoff et al. 1992; Wolstenholme 1992; Smith et al. 1993) . Second, mitochondrial protein genes have been analyzed at the amino acid sequence level by the maximum-likelihood method, because amino acid sequence evolution may be relatively free from the saturation effect and may not be directly influenced by the base-compositional bias in mtDNAs (Adachi et al. 1993) . Third, the potentially high performance of mitochondrial rRNA (Mindell and Honeycutt 1990) and tRNA (Kumazawa and Nishida 1993) gene sequences for deep-branch phylogenies, especially in a way favoring TV substitutions, has been shown.
The present study shows that mitochondrial tRNA gene organizations are variable in reptiles. These variations have not been found among placental mammals with at most 100 Myr of divergence times. However, there exist a number of reptilian, amphibian, and fish lineages with divergence times deeper than 100 Myr (see, e.g., Zug 1993, pp. 50, 106, 439) , and we suspect that more novel variations in tRNA gene organizations may be present among species representing these lineages. Therefore, sequencing mitochondrial tRNA genes may permit two different approaches to be used together in deep-branch phylogenetics: searching for reliable synapomorphies of tRNA gene organizations for grouping two lineages and building molecular phylogenetic trees using tRNA gene sequences.
